Zinc phthalocyanine ͑ZnPc͒ thin films were prepared by organic molecular beam deposition on Si ͑111͒ covered with a thin native oxide layer under two different pressure conditions. The samples are characterized by infrared spectroscopy and ellipsometry measurements aiming at the determination of dielectric functions and average molecular orientation in the ZnPc films. A two order of magnitude increase in the pressure during growth increases the average molecular tilt angle with respect to the substrate surface from ϳ19°to ϳ61°implying a change of crystal phase as well. Likewise sizeable differences are observed in the anisotropic dielectric functions of the ZnPc thin films in the infrared as well as in the visible and ultraviolet spectral ranges.
INTRODUCTION
Metal phthalocyanines ͑MPcs͒ are organic compounds having many interesting properties, i.e., high thermal and chemical stabilities, nontoxicity, semiconductivity, and attractive optical properties.
1 Due to their semiconducting properties, MPcs are promising candidates for photovoltaic devices, photodetectors, organic transistors, organic electroluminescence devices, and sensors. [2] [3] [4] [5] [6] Among the MPc compounds, zinc phthalocyanine ͑ZnPc͒ is used specially in the fabrication of organic solar cells. ZnPc is a planar molecule with intrinsic optical anisotropy ͑Fig. 1͒. The molecules exhibit structural self-organization. 7 Generally in thin films the phthalocyanine molecules are positioned in columnar stacks with the ring orientation inclined relative to the axis of the stack, forming a "herringbone-like" structure. Such molecular packing of these planar phthalocyanines in the solid state shows broad polymorphism. In general, the most common polymorphs of ZnPc are the metastable ␣ and stable ␤ phases. The main differences between the ␣ and ␤ polymorphs lie in the tilt angle of the molecule within the columns ͑stack of molecules with molecular plane parallel to one another͒ and the mutual arrangements of the columns ͑Fig. 2͒. The two forms display identical interplanar distances ͑3.4 Å͒ consistent with the van der Waals bond but differ in the tilt angle: 26.5°in the ␣ form and 45.8°in the ␤ form. Furthermore their lattice parameters are different ͑a = 23.9 Å and b = 3.8 Å in the ␣ form and a = 19.6 Å and b = 4.79 Å in the ␤ form͒, as well the metalmetal distance. 8 The different aggregation geometry results in changes of the electrical conductivity along the stacking direction. 9 For the ␤ form of the phthalocyanines the monoclinic structure with two molecules per unit cell was confirmed. 10 But for the ␣ form some uncertainty exists in this respect. Tetragonal, orthorhombic, and monoclinic structures have been proposed for the ␣ form.
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The orientation of the molecules in the thin films varies depending on various factors such as the choice of substrate, the deposition procedure, and the substrate temperature during deposition. Since the mode of molecular stacking and thus the optical properties affect the electrical and photoconductivity of the devices, their determination is of interest in order to model the performance of organic optoelectronic devices and to improve their efficiency. In this work, the dependences of the average molecular tilt angle, the crystal structures, and the dielectric functions of ZnPc thin films on two different pressure conditions during growth are studied.
EXPERIMENTAL PROCEDURE
Thin films of ZnPc were grown by organic molecular beam deposition ͑OMBD͒ method on silicon ͑111͒ substrates. The ZnPc source material with 97% purity was purchased from Aldrich Company and is used without further purification. The silicon substrates were cleaned in acetone, isopropanol, and de-ionized water for 10 min in ultrasonic bath. the deposition chamber. The ZnPc films are grown under two different pressure conditions, namely, 3 ϫ 10 −8 and 2.4 ϫ 10 −6 mbar, denoted from now on as low pressure ͑LP͒ and high pressure ͑HP͒, respectively. The substrate was kept at room temperature while depositing ZnPc molecules. The layer thickness was monitored by a quartz crystal microbalance located in the vicinity of the substrate. The frequency shift of this microbalance is proportional to the film thickness. Throughout the deposition, the rate was maintained constant, ͑0.30± 0.01͒ nm/ min for both pressure conditions. IR reflection measurements were performed using a Bruker Fourier transform infrared ͑FTIR͒ spectrometer IFS-66, over a spectral range of 400-4000 cm −1 ͑0.049-0.49 eV͒ with a spectral resolution of 4 cm −1 . These measurements were performed at incidence angles varying from 15°to 60°in s and p polarizations. In order to characterize the ZnPc starting material, KBr pellets were prepared and transmission measurements were performed. Due to the random distribution of ZnPc in the pellets valuable information about the optical properties of isotropic films are derived from the evaluation of pellet spectra.
Ellipsometry measurements were carried out using a variable angle spectroscopic ellipsometer ͑VASE, Woollam Co.͒ in the near infrared-ultraviolet-visible ͑NIR-UV-Vis͒ range from 0.75 to 5 eV with a step in energy of 0.02 eV. In order to determine the film thicknesses and the energy dependence of the dielectric functions, the spectra were recorded at 55°, 65°, and 75°angles of incidence. In this technique, the changes in the polarization state of a polarized light beam after reflection from the sample under study are measured and expressed as the ellipsometric parameters ⌿, the polarization angle, and ⌬, the phase delay, which are related to the ratios of Fresnel reflection coefficients r pp and r ss for p and s polarized light by = r pp r ss = tan ⌿ exp i⌬ .
To evaluate the spectra, a suitable model is used to describe the interaction of light with the material used. By fitting for the experimentally acquired ⌿ and ⌬ values, the best simulated spectra describing the model are obtained. The mean square error ͑MSE͒ value quantifies the differences between the experimental and simulated data,
where N is the number of measured ⌿ and ⌬, M is the number of fit parameters, and ⌿,i exp and ⌬,i exp are the standard deviations of the experimental data points for ⌿ and ⌬.
RESULTS AND DISCUSSIONS

IR spectroscopy
The recorded IR spectra in the range where there are interesting and important features are presented in Figs. 3 and 4. The spectra were taken for various angles of incidence from 15°to 60°. The features seen can be assigned to various vibrating modes of the molecules. The assignment of the bands, the peak positions in the s polarization reflection spectra with comparison with the absorbance spectrum from the ZnPc molecules embedded in the KBr pellet, is given in Table I .
The most interesting feature is the out-of-plane ␥-͑CH͒ vibrational band at 729 cm −1 . This band gives an insight to the crystal structure of the molecule as well. Considering the absorbance spectrum of the pellet sample, the molecules are randomly distributed and the spectrum shows peaks at 729 and 775 cm −1 corresponding to the out-of-plane vibrational modes of ZnPc, while the band at 752 cm −1 and all other bands above 800 cm −1 correspond to various in-plane vibrational modes of the molecules. 10, 12 The out-of-plane peak position implies that in the pellet the ZnPc are in ␤ phase. 10, 13 Now considering the s polarization spectra for the LP sample, the peak position of this C-H out-of-plane mode at ϳ728 cm −1 indicates likewise ␤ phase. The in-plane band intensities do not show any notable variation as the incidence angle is increased. In the p polarized spectra the peak intensity of the C-H out of plane at 728 cm −1 increases sharply with increasing angle of incidence as well as the out-of-plane peak at 771 cm −1 , while the in-plane peak intensities decrease with increasing angle of incidence. Since in p polarization the component of the electric field is parallel to the incidence plane it has more access to the out-of-plane vibrations from the molecules, while in the s polarization the component of electric field is perpendicular to the incidence plane and so has access to the in-plane vibrations from the molecules, only if the molecules are lying flat. So from this we can conclude that the ZnPc molecules adopt a parallel configuration with respect to the substrate.
In the case of the HP sample, the dominant C-H out-ofplane peak is located at 719 cm −1 in the s polarization spectra indicating the ␣ phase of the ZnPc molecules. 14 out-of-plane band intensity decreases as the incidence angle is increased. On the contrary, in p polarization spectra the out-of-plane band intensity increases with increasing angle of incidence, while the in-plane bands exhibit the opposite trend. Keeping in mind the direction of the field vector components for s and p polarized light, we conclude that the molecules are oriented more perpendicular to the substrate.
Comparing the intensities of the bands in the reflection spectra with the KBr pellet spectrum also confirms the different molecular orientations of ZnPc films prepared under various conditions. To estimate the average orientation of the molecules in the different films, the area under each in-plane and out-of-plane peak is determined. So the ratio of the sum of the areas of the out-of-plane modes between 700 and 800 cm −1 and the corresponding sum of in-plane modes between 1000 and 1400 cm −1 for both the samples at all incidence angles for the s polarization state and that of the pellet were calculated. When the ratios of the film area with respect to the pellet is calculated, it is observed that the in-plane ratios remain the same throughout the spectral range but the out-of-plane ratios differ. Since in the pellet the orientation of the molecules can be considered to be random, the ratio of in-plane and out-of-plane features can be used as reference. The ratios of the area calculated for in-plane and out-ofplane bands for 15°and 30°s polarization spectra with respect to the KBr pellet are given in Table II . The tilt angle is calculated using the relation The average tilt angles of the ZnPc molecules are calculated with respect to the silicon substrate and they are 61°± 1°and 19°± 1°for HP and LP samples, respectively.
The determination of optical constants in the IR region is important because they comprehensively describe the optical properties and thus give a reliable basis for all further interpretations of intra-and intermolecular behaviors. Usually spectroscopic ellipsometry is applied routinely for film analysis in the visible range. But the compound specific information provided as the fingerprint pattern of molecular vibrations widens the scope of determining the optical constants in the IR range in comparison with the visible region. We have attempted to extract this information using the IR reflection measurements.
The knowledge derived from infrared reflection data is used as input for modeling IR data aiming in the determination of film thickness and complex dielectric functions in the infrared range from reflection spectra evaluation. For this purpose the optical properties of the uniaxial ZnPc films are described by two different components of the complex dielectric function, one in the substrate plane ͑ ip ͒ and another one perpendicular to it ͑ oop ͒.
Using the ellipsometry WVASE software, 16 a model was built where the whole sample is described by layers; the Si substrate with a thin native oxide layer on it and then the ZnPc molecular layer on top as shown in Fig. 5 . At first the IR reflection data measured in s polarization at one angle of incidence were used to get the in-plane ͑ ip / xy-plane͒ values for the complex dielectric function, using an isotropic model. Lorentzian oscillators are used to describe the shape of 2 , while 1 is obtained by Kramers-Kronig transformation. For each peak in the experimental data an oscillator is used. The amplitudes and the half widths are varied during the fit ͑see Tables III and IV͒. Once a good match between the experimental and the generated data is obtained, all the spectra at different angles of incidence are included. Since we have a uniaxial anisotropic film, the generated data using an isotropic model do not match well with the experimental data any more.
So, now another set of Lorentzian oscillators are included for the z plane to get the out-of-plane values ͑ oop ͒ of the complex dielectric function. Uniaxial anisotropic model is selected, and the same numbers of oscillators at the same positions as in the xy plane are created. A constant 1 offset is used to represent any contribution to the slope of the index of refraction from an absorption process located outside the measured range. The 1 offset for both the layers are fitted. To extract the thickness and optical constants the experimental data are compared with the generated ones. The unknown parameters are adjusted to get the best match between the model and the experimental data. The thickness value of the SiO 2 layer which covers the Si substrate is taken from the Cauchy fit of the ellipsometry data and kept fixed throughout the evaluation. The fit was carried out until the MSE value is minimum. The MSE value for this method can be defined as,
where N R is the number of experimental intensity reflectance measurements and W R is the weighting ratio for reflection data. The thicknesses determined are in good agreement with the expected values from the quartz crystal shift during the growth process. For the HP sample the out-of-plane dielectric function shows higher values than the in-plane dielectric function. And for the LP sample we have the reverse effect. The in-plane dielectric function dominates the out-of-plane constants. This prominent difference in the in-plane and outof-plane dielectric functions supports the different orientations of the molecules as well. The large error bars found in the fit is due to the fact that both the s and p polarization spectra are fitted together; in which case, background and the presence of atmospheric water contribute to a large error bar.
Ellipsometric spectroscopy
Remembering that these films exhibit uniaxial anisotropy, a model is built to describe the sample. The model consists of the silicon substrate, then the thin SiO 2 layer on it, then the ZnPc layer, and on the top the surface roughness. Surface roughness was not included for the evaluation of the dielectric function in the IR range due to the lack of sensitivity. The substrate without the ZnPc molecules on it is used to estimate the SiO 2 layer and this value is kept fixed throughout the analysis. To determine the thickness of the films accurately, the absorption-free range, between 0.75 and 1.2 eV, is selected. Since the films are uniaxial and anisotropic two different sets of Cauchy parameters are used for the simulation of the dielectric function of the film, one set for the xy plane and the other for the z plane, to get the in-plane as well as the out-of-plane dielectric functions. The Cauchy relation for the refractive index n is given by
where n and are related as
where is the wavelength and A, B, and C are parameters during the fit. Now keeping the thickness constant, the first approximation of the dielectric function is performed by a point-by-point fit, where 1 and 2 are determined for each wavelength. These 1 and 2 values are kept as starting points in evaluating the complicated anisotropic optical constants. It is well known that phthalocyanine possesses two kinds of energy band between 1 and 5 eV. One of them is called Q band, which is equivalent to the ␣ band in porphyrins, and the other is called the B band, equivalent to ␥ or the Soret band in porphyrins. 13, 17 Gaussian functions were used to describe the shape of 2 , and the Kramers-Kronig transformation is used to solve 1 . For both samples, three oscillators are used to describe the Q band ͑ϳ1.72 eV͒ and the B band ͑ϳ3.5 eV͒ shapes. Since a band centered at 5.8 eV influences the B band position and shape, an oscillator was used in that position, though it is not included in the spectral range discussed here. The thickness, roughness, and the angle calculated are tabulated in Table V for comparison with the results obtained from the IR reflection data and the ellipsometry measurements.
In Fig. 6 , the experimental ⌿ and ⌬ values along with their uniaxial anisotropic fits for both the high pressure and low pressure samples are shown. The corresponding dielectric functions are shown in Figs. 7 and 8. Both films show prominent anisotropy. The line shape of 2 agrees well with those in previous works. 13, 17, 18 As stated above the band centered at 1.72 eV is the Q band and the one centered at 3.5 eV is known as the B or Soret band. Both these bands arise due to the -* transitions, and the lowest allowed n-* transition might also be found in the B band. 18 In particular, the peak at 1.72 eV, the Q band, is due to a 1u ͑͒ → e g ͑ * ͒ transitions, the dipole moment of which is in the plane of the molecule. 19 So this band is very sensitive to the crystal structure and can also be exploited to calculate the average molecular tilt angle of the ZnPc molecules.
The relative intensities of the splitting of the Q band gives insight to the phases of ZnPc molecules. 12, 17 The Q band shape for the HP sample confirms ␣ phase, while for the LP sample the Q band shape is close to the expected shape for the ␤ phase. The average orientation of the mol- ecules with respect to the substrate was obtained from the Q band in-plane and out-of-plane ratios. The angles calculated are 61°±2°and 20°±2°for the HP and LP samples, respectively. The average tilt angles agree well with those calculated from the IR reflection spectra. Though the IR out-of-plane peak position and the Q band line shape predict ␤ phase in the LP film, the molecular tilt angle suggests a different phase. Considering the ␤ phase crystal structure ͑Fig. 2͒, a tilt angle of ϳ61°is impossible. Since there exist different crystallographic structures, such as ␣, ␤, ␥, ␦, , and x, R-Pc or mixtures of them and the lack of detailed structural information of these polymorphs disable us to confirm the exact phase existing in the LP film.
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SUMMARY
ZnPc thin films were prepared under two different pressure conditions by the OMBD method. Both films exhibit strong uniaxial anisotropy. The in-plane and out-of-plane optical constants were deduced from IR spectra and ellipsometry data. The average molecular tilt angle was calculated. The calculated results show that the high pressure films have an average molecular tilt angle with respect to the surface of ϳ61°while the molecules in the low pressure film have an angle of ϳ19°with respect to the substrate. It is obvious that even a small change in the pressure conditions yields a strong change in the orientation pattern of the ZnPc molecules on the substrate and also a change in crystal phase. 
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But the surprising result is that one expects the molecules to have a lesser molecular tilt angle with respect to the substrate in high pressures due to the much cleaner atmosphere and substrate which enables a strong molecule-substrate interaction. Though we cannot eliminate the effect of the purity of the ZnPc molecules fully, why we observe such a reverse effect in our experiment remains to be our future task. 
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